ABSTRACT: RNA internal loops are often important sites for folding and function. Residues in internal loops can have pK a values shifted close to neutral pH because of the local structural environment. A series of RNA internal loops were studied at different pH by UV absorbance versus temperature melting experiments and imino proton nuclear magnetic resonance (NMR). A stabilizing CA pair forms at pH 7 in the CG AA and CA AA nearest neighbors when the CA pair is the first noncanonical pair (loop-terminal pair) in 3 Â 3 nucleotide and larger size-symmetric internal loops. These CG AA and CA AA nearest neighbors, with CA adjacent to a closing Watson-Crick pair, are further stabilized when the pH is lowered from 7 to 5.5. The results are consistent with a significantly larger fraction (from ∼20% at pH 7 to ∼90% at pH 5.5) of adenines being protonated at the N1 position to form stabilizing wobble CA + pairs adjacent to a sheared GA or AA pair. The noncanonical pair adjacent to the GA pair in CG AA can either stabilize or destabilize the loop, consistent with the sequencedependent thermodynamics of GA pairs. No significant pH-dependent stabilization is found for most of the other nearest neighbor combinations involving CA pairs (e.g., CA AG and AG CA ), which is consistent with the formation of various nonwobble pairs observed in different local sequence contexts in crystal and NMR structures. A revised free-energy model, including stabilization by wobble CA + pairs, is derived for predicting stabilities of medium-size RNA internal loops.
The N1 nitrogen of adenine and N3 nitrogen of cytosine normally have pK a values of 3.5 and 4.2, respectively, but the pK a values (1-3) and thermodynamic contributions (4-7) of noncanonical pairs involving A and C in folded DNA and RNA are sequence-and context-dependent.
General acid-base catalysis, involving protonation and deprotonation of nucleobases at physiological pH, has been found for ribozyme catalysis of cleavage and ligation of specific phosphodiester bonds (2, 6) . The formation of wobble CA + (cis Watson-Crick/Watson-Crick) pairs (Figure 1b ) causes local and global conformational changes in RNA (8) (9) (10) (11) (12) (13) . Understanding the sequence-dependent driving force of a pK a shift of nucleobases within noncanonical pairs is needed to provide insight into RNA folding and catalytic mechanisms (6, 7) . It may also facilitate better understanding of the pH-dependent assembly of RNA viruses (14) .
The thermodynamics of CA pairs is also important for bioinformatic approaches that reveal structure-function relationships for RNA. For example, an approach for identifying which strand of complementary RNAs is most likely to rely on structure for function depends upon the different thermodynamic stabilities of CA and GU pairs (15) .
Here, thermodynamic stabilities of a variety of RNA internal loops were measured in 1 M NaCl at pH 7 and 5.5. At pH 7, a nearest neighbor of CG AA or CA AA , with the CA adjacent to a closing canonical pair, can stabilize 3 Â 3 nucleotide and larger sizesymmetric (n1 = n2) 1 internal loops on average by about 1 kcal/mol at 37°C. Such nearest neighbors with the CA adjacent to a closing Watson-Crick pair are further stabilized on average by 1 kcal/mol at 37°C when the pH is lowered from 7 to 5.5. Dependent upon the sequence, the noncanonical pair adjacent to † This work was supported by National Institutes of Health (NIH) Grant GM22939.
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MATERIALS AND METHODS
Oligonucleotide Synthesis and Purification. Oligonucleotides were synthesized on an Applied Biosystems 392 DNA/RNA synthesizer using the phosphoramidite method (17, 18) , deprotected, and purified, as described previously (19, 20) . Controlled pore glass (CPG) supports and phosphoramidites were purchased from Proligo, AZCO, Glen Research, or ChemGenes. The mass of all oligonucleotides was verified by electrospray ionization mass spectrometry (ESI-MS). Purities were checked by reverse-phase high-performance liquid chromatography (HPLC) or analytical thin-layer chromatography (TLC), and all were greater than 95% pure.
UV Absorbance Versus Temperature Melting Experiments and Thermodynamics. Concentrations of singlestranded oligonucleotides were approximated from the absorbance at 280 nm and 80°C, and extinction coefficients were predicted from those of dinucleotide monophosphates and nucleosides (21, 22) with RNAcalc (http://www.meltwin.com) (23) . The extinction coefficients were estimated by replacing purine riboside with adenosine. Although extinction coefficients differ upon functional group substitutions, individual nucleotides contribute only a small portion of the oligomer extinction and, thus, do not significantly affect thermodynamic measurements. UV melting buffer conditions were 1 M NaCl, 20 mM sodium cacodylate, and 0.5 mM sodium ethylenediaminetetraacetic acid (EDTA) at pH 7 and 5.5 or 1 M NaCl, 20 mM 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid) (HEPPS), 0.5 mM sodium EDTA at pH 8. Cacodylate and HEPPS were used because their pK a values are essentially temperature-independent. Curves of absorbance at 280 nm versus temperature were acquired using a heating rate of 1°C/min with a Beckman Coulter DU640C spectrophotometer, having a Peltier temperature controller cooled with a water bath.
Melting curves were first fit to a two-state model with MeltWin (http://www.meltwin.com) (23) , assuming linear sloping baselines and temperature-independent ΔH°and ΔS° (23) (24) (25) . Presumably, the pK a values do not change until the RNA duplex melts; i.e., pK a values exhibit a two-state manner (with zerosloping baselines) coupled with the melting of an RNA structure (7). This is a reasonable assumption because nucleobase protonation/deprotonation is linked with the two-state folding/ unfolding of the RNA duplex. The temperature at which half the strands are in duplex, T M , at total strand concentration, C T , was used to calculate thermodynamic parameters for duplex formation according to (26) 
Here, R is the gas constant, 1.987 cal mol
, and a is 1 for self-complementary duplexes and 4 for non-self-complementary duplexes. All of the ΔH°values from T M -1 versus ln(C T /a) plots (eq 1) and from the average of the fits of melting curves to twostate transitions agree within 15%, suggesting that the two-state model is a reasonable approximation for these transitions. The equation ΔG°3 7 = ΔH°-(310.15)ΔS°was used to calculate the free-energy change at 37°C (310.15 K).
Exchangeable Proton NMR Spectroscopy. All exchangeable proton spectra (27) were acquired on a Varian Inova 500 MHz ( 1 H) spectrometer. One-dimensional imino proton spectra were acquired with an S pulse sequence (28) at temperatures ranging from -5 to 40°C in 80 mM NaCl, 10 mM sodium phosphate, and 0.5 mM sodium EDTA. SNOESY spectra (28) were recorded with an 150 ms mixing time from -5 to 10°C. The Felix (2000) software package (Molecular Simulations, Inc.) was used to process 2D spectra. Proton spectra were referenced to H 2 O or HDO at a known temperature-dependent chemical shift relative to 3-(trimethylsilyl)tetradeutero sodium propionate (TSP).
RESULTS
Thermodynamics at Different pH. An RNA secondarystructure prediction and analysis program, RNAstructure 4.2 (http://rna.urmc.rochester.edu/rnastructure.html) (29) , was used to design sequences that form heteroduplexes without competing homoduplexes. Thermal melting studies of the individual single strands (16, 19 ) (see Table S1 in the Supporting Information) confirmed the absence of competing homoduplexes. Measured thermodynamic parameters at 1 M NaCl for duplexes and internal loops (calculated by eq 3a shown below) are listed in Tables 1 and 2 , respectively. For a given duplex or internal loop, the values from bottom to top are for pH values 5.5, 7, and 8, respectively. In Tables 1 and 2 , most sequences are ordered from 
For several duplexes with two loop-terminal CA pairs, ΔΔG°3 7,pH is half the value given by eq 2 (see the footnotes of Tables 1 and 2 ). Measured thermodynamic parameters for the formation of the internal loops ( For example,
Here, ΔG°3 The thermodynamics of canonical stems is calculated for pH 7 and assumed to be independent of the pH between 5.5 and 8, as shown for other stems (32, 33) . This is a reasonable assumption because the N1 of adenine and N3 of cytosine normally have pK a values of 3.5 and 4.2, respectively, and the pK a values shift further down in forming Watson-Crick pairs in canonical stems (1) (2) (3) 7) . In addition, most of the duplexes do not form wobble CA + or CC + pairs (panels b and i of Figure 1 ) and do not show a pH effect, consistent with the assumption of pH-independent thermodynamics in the absence of CA + or CC + pairs (Table 1  and Table S1 in the Supporting Information).
Thermodynamic Model Including Stabilization Effects of CA and CA + Pairs in Medium-Size RNA Internal Loops. Measured free energies of RNA internal loops with 6-10 nucleotides, ΔG°3 7, loop , reported here and previously (16, 19, 20) for 1 M NaCl at pH 7 and 37°C were combined for linear regression to the equation
Here, n1 and n2 are the number of nucleotides on each side of the loop; m1-m8 can be 0, 1, or 2; and the definitions of free-energy parameters are given in Table 3 . Multiple linear regression on 168 a For each duplex, the values from bottom to top are measured at pH 5.5, 7, and 8, respectively. Sequences are ordered from the most negative to the most positive values of ΔΔG°3 7,pH = ΔG°3 7,pH5.5 -ΔG°3 7,pH7 , unless noted in footnote c. T m values were calculated from eq 1 at C T = 0.1 mM. Data in parentheses were measured in NMR buffer with 80 mM NaCl at pH 7.
b Imino proton NMR spectra were measured ( Figure 2 (71) .
j The pH-independent thermodynamics is consistent with the NMR structure without the formation of the C + U pair (61) .
k The pH-independent thermodynamics is consistent with the NMR structure without the formation of the UC + pair (62). (Table S2 in the Supporting Information) gives the free-energy parameters listed in Table 3 , with an R 2 = 0.87 and standard deviation of 0.55 kcal/mol, which averages less than 0.07 kcal/mol for each nucleotide contributing to ΔG°p redicted at 37°C. The last term (ΔG°50 CR/3 0 AA bonus = -1.07 kcal/mol) in eq 4 represents the only difference with the equation derived previously (16) . Without the last term, R 2 = 0.82 and the standard deviation is 0.65 kcal/mol. Aside from the last term, the parameters in Table 3 are essentially the same as previously derived (16) . Note that the bonus and penalty parameters have negative and positive values, respectively.
Size-symmetric internal loops with 5 0 CR/3 0 AA nearest neighbors with the CA adjacent to a closing Watson-Crick pair, are further stabilized on average by 1.03 ( 0.32 kcal/mol when the pH is lowered from 7 to 5.5 (see Table S2 in the Supporting Information). Thus, a bonus, ΔG°50 CR/3 0 AA, pH bonus = -1.03 ( 0.32 kcal/mol, is used to account for the pH stabilization at pH 5.5 compared to pH 7 (Table 3) . At this stage, we do not apply ΔG°50 CR/3 0 AA, pH bonus for the size-symmetric internal loops with 5 0 CR/3 0 AA nearest neighbors with the CA adjacent to a closing UG or GU pair. Loops with tandem CA pairs are also further stabilized when the pH is lowered from 7 to 5.5 (see Table S2 in the Supporting Information).
Dependent upon the sequence, the noncanonical pair adjacent to the GA pair in Y R CG AA or R Y CG AA can either stabilize or destabilize the medium-size internal loops, consistent with the previous thermodynamic model (e.g., ΔG°2 GA bonus and ΔG°50 GU/3 0 AN penalty (3 Â 3 loop) ) (16) . No significant stabilization at pH 7 and 5.5 is found for most of the other nearest neighbor combinations involving CA pairs, which is consistent with wobble CA + pairs ( Figure 1b ) not forming in different local sequence contexts in crystal and NMR structures ( (3, (34) (35) (36) (37) (38) (39) (40) ). Thermodynamics of several duplexes were measured at pH 8, and no significant differences were observed compared to those at pH 7.
Exchangeable Proton NMR Spectra at Different pH. The spectra contain the typical cross-peak patterns expected for the imino protons in the duplexes, although in some cases, definitive assignment is not made. In Figure 3a , four of the five imino protons between 12 and 14 ppm exhibit cross-peak patterns typical of a Watson-Crick GC pair (two strong cross-peaks to resonances that show a very strong cross-peak to each other and to a likely H5 resonance, as expected for the C amino protons of a GC pair). The fifth imino proton shows a strong cross-peak to a narrow resonance, as expected for a U imino proton close to the AH2 in a Watson-Crick AU pair. There is a very weak cross-peak between the imino protons of two of the GC pairs, which are assigned to G1 and G19. Three other resonances between 9.5 and 11 ppm have chemical shifts and cross-peaks typical of G imino protons in sheared GA pairs, including those observed in a duplex with the same sequence of three GA pairs (20) . In Figure 3b , the two imino proton resonances between 13.0 and 13.5 ppm show typical GC pair characteristics. A cross-peak between the equivalent imino protons in the similar sequence, GC GCG CGAA AAGC GCG CG , confirms that these protons are in adjacent pairs (see Figure S2 in the Supporting Information).
The 1D imino proton spectra of several duplexes in Figure 2 reveal a similar peak near ∼10.6 ppm that increases in intensity at lower pH. These peaks are likely due to adenine amino protons in CA + pairs, as observed in other cases of CA + pairs (12) . The broad peak in Figure 3b at ∼10.6 ppm assigned to the A6 amino group has a strong cross-peak to the other amino proton and a weak cross-peak to the G7 imino proton.
DISCUSSION
The pK a of N1 nitrogen of adenine is about 3.5 and shifted by less than 0.3 pK unit when incorporated into unpaired single b Imino proton NMR spectra were measured (Figure 2 ).
c ΔG°50 CR/3 0 AA bonus is applied twice to predict the free energy for loop formation.
d Loop sequence from a J4/5 loop of a group I intron (36) .
e Data at pH 7 are from ref 19. f Loop sequence from the substrate loop of a VS ribozyme (8, 9) .
g Loop sequence derived from the loop A of hairpin ribozyme (8) .
h Loop sequence from a leadzyme (1, (65) (66) (67) .
i Loop sequence from the Alu domain of human SRP RNA (71) . j The pH-independent thermodynamics is consistent with the NMR structure without the formation of the C + U pair (61) .
k The pH-independent thermodynamics is consistent with the NMR structure without the formation of the UC + pair (62) . strands (7) . Small pK a shifts were also observed for other nucleobases when incorporated in unpaired single strands (7, 41) . When incorporated into double helices, however, the pK a of A shifts down in Watson-Crick pairs but up by as much as 3 pK units in some noncanonical pairs (1, 7). For example, the pK a of the A in a GAC CUG sequence is e3.1, whereas the two A's in
(loop sequence of a leadzyme) have pK a values of 6.5 (shown in bold) and 4.3, respectively (1). In addition to local context effects, pK a values may also be shifted by global context. For example, the local dielectric constant in the middle of large structures, such as the ribosome and viral RNA encapsidated in virion, may differ from that in bulk water. Thus, it is important to know the possible effects of protonation on thermodynamic stability of RNA structures.
Dependent upon the sequence context and pH, a CA + pair can form with A protonated at the N1 position (Figure 1b) . The CA + pair can form two hydrogen bonds and easily fit into an A-form helix. Thus, it has the potential to stabilize a helix. Protonation will also affect base stacking and other interactions, however, so that effects of protonation will be sequence-dependent.
The thermodynamic studies of short oligonucleotides at pH 7 and 5.5 provide insight into the sequence-and context-dependent stabilization effects of CA pairs. Many of the sequences studied were chosen because three-dimensional structures are available to allow stability-structure correlations (1, 3, 8, 9, 12, (34) (35) (36) (37) (38) (39) (40) 42) .
Single CA + Pairs Stabilize Watson-Crick Stems. The CA + wobble pair is isosteric with a UG wobble pair (panels b and e of Figure 1 ) and can fit in an A-or B-form structure without large backbone distortion (see Figure S1 in the Supporting Information) (12, 42, 43) . Consistent with formation of a CA (ΔG°3 7,pH7,loop = -0.56 kcal/mol for each CA pair) is about 1 kcal/mol more stable than that predicted by a previous thermodynamic model (29, 44) , without considering a stabilization effect for the CA pair (Table 2 ). In addition, a stabilization of ΔΔG°3 7,pH = -1.59 kcal/mol was found per C G C A C G nearest neighbor combination at pH 5.5 compared to that at pH 7 ( Table 2) . The resonance at ∼10.6 ppm in Detailed understanding of the stabilization effect of CA or CA + wobble pairs within different Watson-Crick stems will provide insight into RNA structure and function. For example, a single CA mismatch has been shown to be preferred for efficient A to I editing by adenosine deaminases acting on RNA (ADAR) (46) . Understanding the sequence-dependent thermodynamics of CA (44) and CI mismatches and the pH effect might facilitate better understanding of the editing specificity and mechanism (46) . (16, 19) . A bonus parameter, ΔG°50 CR/3 0 AA bonus = -1.07 ( 0.13 kcal/mol at pH 7, is derived here for such nearest neighbor combinations with a loop-terminal CA pair followed by a GA or AA pair (Table 3) . These nearest neighbor combinations occur in several internal loops within catalytic ribozymes, e.g., the VS ribozyme substrate loop (8, 9), Figure 1) (3, 8, 9, 36) . Solution NMR reveals a protonated wobble CA + pair adjacent to a sheared GA pair ( C G CG AA , sequence in a hairpin ribozyme and VS ribozyme) (see Figure 4 and Figure  S1a in the Supporting Information), and the pK a of the A (in bold) is about 6.3, according to the pH profile of the chemical shifts of the C2 carbon in adenine (3, 8, 9) . Consistently, the amino protons of A + (shown in bold) for the symmetric loop C G CGAA AAGC G C resonate at 10.6 ppm at neutral and lower pH (panels e and f of Figure 2 and Figure 3b ). In addition, a wobble CA pair forms adjacent to a sheared AA pair (shown in bold) within the J4/5 loop, G C CAA AAA C G , in the crystal structure of a group I intron (see Figure S1c in the Supporting Information) (36) .
The noncanonical pair adjacent to a loop-terminal GA pair was previously found to either stabilize (e.g., ΔG°2 GA bonus ) or destabilize (e.g., ΔG°50 GU/3 0 AN penalty (3 Â 3 loop) ) the loop (16, 19) . Here, the noncanonical pair adjacent to the GA pair in the nearest neighbor combinations Y R CG AA and R Y CG AA was also found to be stabilizing or destabilizing, although the CA but not GA pair is a loop-terminal pair. Thus, when the parameters in Table 3 were derived, the CA pair in the nearest neighbor combinations Y R CG AA and R Y CG AA was treated in a way similar to a canonical wobble UG pair; i.e., the thermodynamic effect of the GA pair was modeled as a first noncanonical (loop-terminal) pair. For example, a penalty of ΔG°50 GU/3 0 AN penalty (3 Â 3 loop) = 0.74 kcal/mol was applied for GCA UCGU AGAA CUGC GGC CCG (ΔG°3 7,pH7,loop = 2.13 kcal/mol), although this parameter was proposed only for 3 Â 3 nucleotide internal loops (16, 19) . This is suggested by NMR data for this loop, which shows the formation of a stabilizing CA + wobble pair, isosteric to a canonical wobble UG pair and adjacent to a sheared GA pair, even at nearly neutral pH (3). Consistent with the penalty of ΔG°50 GU/3 0 AN penalty (3 Â 3 loop) , the U is flipped out in an NMR structure of the A U AGAA CUGC G C loop, which is from a hairpin ribozyme (3) .
Similarly, a bonus of ΔG°2 GA bonus = -1.16 kcal/mol (Table 3) for 2D spectrum); (e) C T = 0.5 mM, pH 6.9 and 5.9; and (f) C T = 1.5 mM, pH 6.6 and 5.1 (5°C, see Figure 3b for the 2D spectrum). Table 2 and Table S2 in the Supporting Information). The pK a of A N1 in the CA pair of C G CG AA (sequence found in a hairpin ribozyme and VS ribozyme) is about 6.3 with a wobble CA pair adjacent to a sheared GA pair (3, 8, 9) . Presumably, the same noncanonical base pairs form in The lack of extra stability when the A of an AC pair is 3 0 of a Watson-Crick pair is probably general. For example, on the basis of NMR spectra of a 7 Â 9 nucleotide loop B domain of a hairpin ribozyme, the apparent pK a of the N1 position of the bold A in a C G AG CA segment is 5.4, and, at pH 6.8, the AC has a single hydrogen-bond, A N1-C amino pair (Figure 1c) . The GA is a sheared pair (37) . Here, the single hydrogen-bond (A N1-C amino) AC pair has A and C shifted to major and minor grooves, respectively, which is opposite to a wobble AC pair. A sheared GA pair has G and A shifted to major and minor grooves, respectively, which favors base stacking between the single hydrogen-bond (A N1-C amino) AC and sheared GA pairs (see Figure 4d and Figure S1b in the Supporting Information).
The enhanced stability of a CA pair with the C on the 3 0 side of a Watson-Crick pair relative to one with the A on the 3 0 side of a Watson-Crick pair may be related to stacking on the adjacent Figure 2d for 1D spectrum). There is a very weak cross-peak of G1H1-G19H1 (not shown). The imino protons of G5, G14, and G15 have chemical shifts and cross-peaks typical of consecutive sheared GA pairs (16, 20, 72) . The G15 amino protons resonate at 9.2 and 5.5 ppm, respectively, suggesting the formation of sheared GA pairs with G5 and G15 in the (see Figure S2 in the Supporting Information and Figure 2e for 1D spectrum). The broad peak at ∼10.6 ppm is likely due to the amino protons of A + 6, which shows a strong cross-peak to the other amino proton and a weak cross-peak to the G7 imino proton. Adenine amino protons with similar chemical shift have been observed in other cases of CA + pairs (12) . The G4 amino protons resonate at 8.8 and 6.2 ppm, respectively, suggesting the formation of sheared GA pairs with G4 in the C2 0 -endo sugar pucker (73, 74) .
helix. As with the G of a UG pair (49) , the A of a CA + pair stacks to its 3 0 side by shifting to the minor groove. Thus, having the Watson-Crick pair 3 0 of the A provides more favorable stacking by increasing the base overlap (see Figure 4a and Figure S1 in the Supporting Information). Interestingly, the U in 15 kcal/mol at pH 7, ΔΔG°3 7,pH = -0.09 kcal/mol), all of the loop free energies are well-predicted at pH 7 for the loops with a CA adjacent to a UG pair. Thus, it is unlikely that in these loops a wobble CA + pair is formed adjacent to a wobble UG pair, with the pK a significantly above 7 for the adenine N1.
Note that there is also no significant thermodynamic difference between pH 8 and 7 for the loop GGU PCCG CAA AAG GGCU CCG (ΔG°3 7,pH8,loop = 0.90 kcal/mol). We applied the bonus parameter of ΔG°50 CR/3 0 AA bonus for GGU PCCG CAA AAG GGCU CCG at pH 7, although there is no further stabilization at pH 5.5. The pH-dependent shifting of the imino proton resonances from the UG pair suggests a pH-dependent conformational change within the loop, however (Figure 2b ). This may be another example of the idiosyncratic behavior of UG pairs. For example, thermodynamic and NMR studies suggest that adjacent UG pairs do not always form canonical wobble pairs (52, 53 (Figure 1j ) (56, 57) . Quantum chemical calculations show that a watermediated UC pair is energetically preferred over a UC pair with two direct hydrogen bonds (U O4 to C amino and U H3 to C N3) (Figure 1k 
CGAG AG
CCAG GGUC (ΔG°3 7,pH7,loop = 2.60 kcal/mol, ΔΔG°3 7,pH = -0.73 kcal/mol), has the 2 Â 4 internal loop from the leadzyme (1, (65) (66) (67) and is 0.73 kcal/mol more stable at pH 5.5 than pH 7. This stabilization is consistent with the formation of a wobble CA + pair in the NMR structure without multivalent metal ions (1, 65) but not with the crystal structure with multivalent ions (66) and a molecular modeling study of the active conformation (67) . The molecular model of the active conformation is consistent with kinetic studies, in which different loop G's are forced to be in syn glycosidic conformation (68) .
In helix 58 of the large ribosomal subunit of Haloarcula marismortui (40) , trans Hoogsteen/sugar AC (Figure 1d ) and trans Hoogsteen/Hoogsteen AA pairs (Figure 1h ) (43) form in G C CAUA AAG G C . The A in bold is in a syn glycosidic conformation, and the U is bulged out. Apparently, this conformation is more stable in this 3 Â 4 internal loop than a wobble CA + pair adjacent to a sheared AA pair. Further thermodynamic and structural studies are needed to see whether the loop structure is preformed or induced by tertiary and protein binding in the ribosome.
Moderate pH effects were found for the 1 Â 2 loop in UGAG ACUC C CC GUCA CAGU (ΔΔG°3 7,pH = -1.04 kcal/mol) and the 2 Â 3 loop in UCAG AGUC CC AAU GUGA CACU (ΔΔG°3 7,pH = -0.63 kcal/mol) (69) . Pairings within the loop that are sensitive to pH and context are likely in size-asymmetric internal loops, because they provide flexibility (1, (65) (66) (67) (68) . This will make it difficult to determine sequence-and pH-dependent rules for size-asymmetric internal loops and other flexible loops.
Thermodynamics of Internal Loops May Be Useful for Predicting Kinetics. 
CONCLUSION
The pK a of the A N1 nitrogen in a CA pair depends upon local sequence context, as evidenced by thermodynamic and structural results shown here and previously (1, 3, 8, 9, 12, (34) (35) (36) (37) (38) (39) (40) 42) . In a nearest neighbor of CG AA or CA AA with the CA adjacent to a closing canonical pair (including wobble UG pairs), the formation of a wobble CA + adjacent to a sheared GA or AA pair stabilizes 3 Â 3 nucleotide and larger size-symmetric internal loops on average by about 1 kcal/mol at 37°C, pH 7, and 1 M NaCl. Such nearest neighbors with the CA adjacent to a closing Watson-Crick pair are further stabilized on average by 1 kcal/mol at 37°C when the pH is lowered from 7 to 5.5. Other stabilizing nearest neighbor combinations can exist to shift pK a . The pK a may also depend upon global context; e.g., pK a could be shifted in the middle of a large structure, such as the ribosome. The results presented here along with published NMR and crystal structures provide benchmarks to test free-energy and structural calculations by computational chemists.
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